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Introduction 

Nanotechnology, the manipulation of matter on an atomic or molecular scale, is rapidly 

transforming various sectors, including agriculture. Nanotechnology, with its precision 

engineering at the atomic and molecular levels, has emerged as a game-changer in agriculture, 

offering transformative solutions to address pressing challenges facing the industry. At the 

forefront of this revolution is the integration of nanotechnology into various aspects of 

agricultural practices, from crop protection and soil management to food processing and 

packaging. Key applications of nanotechnology in agriculture include the development of 

nanopesticides and nanofertilizers for enhanced crop protection and nutrient delivery, 

nanosensors for real-time monitoring of soil and crop health, nanocarriers for controlled release 

of agrochemicals, and nanobiotechnology for genetic improvement of crops. Additionally, 

nanotechnology holds promise for soil remediation, precision agriculture, and the development 

of sustainable farming practices. By harnessing the unique properties of nanomaterials, 

researchers and farmers are exploring new avenues to address the challenges facing global food 

security and sustainable agriculture.  

Applications of nanotechnology in agriculture 

• Nanoformulations of agrochemicals used in crop protection 

• Soil remediation through nanoparticles 

• Genetic improvement 

• Plant disease detection 

• Food safety, quality and packaging 

• Postharvest management 

Nanotechnology in Crop Protection 

Nanoformulations of pesticides and fertilizers offer several advantages over 

conventional products. Nanopesticides can improve the targeted delivery of active ingredients, 
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reduce the amount of chemicals needed, and enhance their efficacy against pests and diseases. 

The nanopesticides in the form of active ingredient(s) are manufactured from metal 

nanoparticles (e.g. silver and copper). The green silver nanoparticles (AgNP) were synthetized 

from 2, 4 and 8% w/v orange peel extracts (Bratovcic 2020). These nanoparticles are also used 

to control plant pathogenic fungi. Silver nanoparticles synthesised from Trichoderma showed 

inhibitory activity towards Sclerotinia sclerotiorum (Guilger-Casagrande et al., 2019). In 

nanofertilizers, the essential minerals and nutrients (such as N, P, K, Fe, and Mn) are bonded 

alone or in combination with nano-dimensional adsorbents. ZnO nanoparticles used as foliar 

spray increases the biomass accumulation and nutrient concentration in Cyamopsis 

tetragonoloba (Ralia and Tarafdar 2013). 

Nano sensors and Monitoring Technologies 

Nano sensors find myriad applications in agriculture, empowering farmers with real-

time insights into soil health, crop growth, environmental conditions, and pest infestations. 

These applications include:  

 Soil Monitoring: Nano sensors can assess soil moisture, nutrient levels, pH, and 

salinity, enabling farmers to optimize irrigation and fertilization practices while 

minimizing water and nutrient wastage (Bellingham 2011).  

 Crop Health Monitoring: By monitoring parameters such as temperature, humidity, 

light intensity, and CO2 levels, nano sensors provide valuable insights into crop health 

and growth dynamics. Early detection of stress factors allows for timely interventions 

to mitigate crop losses.  

 Pest and Disease Management: Nano biosensors equipped with specific biomolecular 

recognition elements can detect pathogens, pests, and toxins in plants, soil, and water. 

The electrochemical sensor demonstrated high sensitivity and specificity for detecting 

salicylic acid in oil seeds contaminated with S. sclerotiorum (Wang et al., 2010). 

Nanobiotechnology and Genetic Improvement 

Nanobiotechnology, an interdisciplinary field at the intersection of nanotechnology and 

biotechnology, offers innovative tools and strategies for advancing genetic improvement in 

agriculture. Nanoparticle-Mediated Gene Delivery, where nanoparticles serve as versatile 

carriers for the targeted delivery of genetic material into plant cells, facilitating the introduction 

of desirable traits such as pest resistance, disease tolerance, and stress resilience. In soyabean, 
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the biocompatible nanoparticles synthesized using polyethyleneimine (PEI) as a cationic 

polymer for complexing with plasmid DNA containing the Bt gene. Transgenic soybean plants 

expressing the Bt gene exhibited robust resistance to soybean pod borer (Anticarsia 

gemmatalis) infestation in greenhouse and field trials (Pinto et al., 2016). Transgenic tomato 

plants expressing the R gene through the nanoparticle-mediated delivery system showed 

enhanced resistance to bacterial wilt (Ralstonia solanacearum) infection compared to non-

transgenic plants. 

Soil Remediation and Environmental Applications 

Nanotechnology offers innovative solutions for soil remediation, enabling targeted and 

efficient removal of contaminants through their photocatalytic action of removing 

contaminents from environment (Bakshi and Mansi 2020) (Figure 1). Nanoparticles exhibit 

unique physicochemical properties that make them effective sorbents, catalysts, and carriers 

for contaminant removal.  

 

Fig. 1. The use of nanoparticles for remediation of soil contaminated with heavy metals, 

pesticides, and persistent organic pollutants (POPs). 
 

Nanomaterials such as zero-valent iron (nZVI), titanium dioxide (TiO2), and carbon 

nanotubes (CNTs) have shown promise in adsorbing, degrading, and immobilizing various 

contaminants, including heavy metals, organic pollutants, and pesticides. Nanotechnology 

plays a crucial role in environmental monitoring and pollution detection through the 

development of nano biosensors. These sensors utilize nanomaterials and biomolecules to 
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detect and quantify pollutants in soil, water, and air. Nano biosensors enable real-time 

monitoring of environmental contaminants, facilitating timely interventions and risk 

assessment. 

Nanotechnology in food processing and packaging 

Nanotechnology enables precise control over food structure, texture, and functionality 

through the incorporation of nanomaterials such as nanoparticles, nanocomposites, and 

nanoemulsions. Nanoparticles of minerals, vitamins, and antioxidants can be encapsulated 

within food matrices to enhance nutrient bioavailability and stability. Nanostructured food 

ingredients facilitate controlled release, flavor masking, and fat reduction in processed foods, 

offering healthier and tastier alternatives. Nanomaterials play a crucial role in the development 

of advanced food packaging materials with enhanced barrier properties and sensorial attributes. 

This also serves as an antibacterial agent that generates reactive oxygen species (ROS) that 

causes bacterial DNA damage and protein denaturation (Biswas et al., 2022). Nanocomposite 

films incorporating nanoparticles such as silver, zinc oxide, and titanium dioxide inhibit 

microbial growth, extending the shelf-life of perishable foods and reducing food waste. They 

inhibit DNA replication and ATP formation resulting in cell damage or cell death (Slavin et 

al., 2017). 

Challenges and Future Prospects of Agricultural Nanotechnology 

Challenges: 

1. Risk Assessment and Safety Concerns: The primary challenges facing agricultural 

nanotechnology is the need for comprehensive risk assessment and safety evaluation of 

nanomaterials. Concerns about the potential toxicity, environmental impact, and long-

term effects of nanoparticles on ecosystems and human health must be addressed 

through rigorous scientific research and regulatory oversight. 

2. Regulatory Frameworks: The regulatory landscape for agricultural nanotechnology is 

still evolving, with gaps in standards, guidelines, and protocols for the safe and 

responsible use of nanomaterials in agriculture. Establishing robust regulatory 

frameworks that ensure the safety, efficacy, and ethical implications of nanotechnology 

applications is essential for fostering public trust and market acceptance. 

3. Cost and Scalability: The cost of nanotechnology-based agricultural products and 

technologies remains a significant barrier to widespread adoption, particularly in 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/dna-replication
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developing countries and smallholder farming communities. Achieving cost-

effectiveness and scalability in the production and deployment of nanomaterials and 

nanodevices for agriculture requires advances in manufacturing processes, economies 

of scale, and technology transfer mechanisms.  

4. Environmental Sustainability: While nanotechnology holds promise for enhancing 

agricultural productivity and sustainability, concerns about its environmental impact 

and unintended consequences persist. Nanoparticle accumulation in soil, water, and 

ecosystems, as well as potential ecotoxicological effects on non-target organisms, 

require careful monitoring and mitigation strategies to ensure environmental 

sustainability. 

5. Ethical and Societal Implications: The ethical, social, and cultural implications of 

agricultural nanotechnology must be considered in the development and deployment of 

nanomaterial-based solutions. Issues such as intellectual property rights, access to 

technology, equity, and social justice require attention to ensure that nanotechnology 

benefits all stakeholders, including farmers, consumers, and marginalized communities. 

Future Prospects: 

1. Precision Agriculture: Agricultural nanotechnology holds the potential to 

revolutionize precision agriculture by enabling targeted delivery of nutrients, 

pesticides, and genetic materials to plants. Nanosensors, nanocarriers, and nanodevices 

offer opportunities for real-time monitoring, data-driven decision-making, and 

personalized crop management, leading to optimized resource use and improved 

productivity.  

2. Sustainable Crop Protection: Nanotechnology-based approaches such as 

biopesticides, nanopesticides, and nanofertilizers offer sustainable alternatives to 

conventional agrochemicals, reducing environmental pollution, soil degradation, and 

human health risks. Integrating nanotechnology with integrated pest management 

(IPM) and organic farming practices can enhance crop protection while minimizing 

reliance on synthetic chemicals. 

3. Climate Resilience: Nanotechnology has the potential to enhance the resilience of 

agricultural systems to climate change by developing drought-tolerant crops, heat-

resistant materials, and climate-smart technologies. Nanomaterial-based sensors for 
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climate monitoring, carbon sequestration, and adaptive farming practices can help 

mitigate the impacts of climate variability on agriculture. 

4. Smart Farming Systems: The integration of nanotechnology with other emerging 

technologies such as artificial intelligence (AI), Internet of Things (IoT), and 

blockchain can create smart farming systems that optimize agricultural processes, 

improve supply chain transparency, and empower farmers with data-driven insights and 

decision support tools. 

5. Nanobiotechnology and Genetic Improvement: Advances in nanobiotechnology 

enable precise manipulation of plant genomes for genetic improvement, disease 

resistance, and trait enhancement. Nanoparticle-mediated gene delivery, genome 

editing tools, and nanoscale diagnostics offer innovative solutions for crop breeding, 

precision breeding, and functional genomics, leading to the development of high-

yielding, resilient crop varieties. 

Conclusion 

Nanotechnology is revolutionizing agriculture by offering innovative solutions to 

address key challenges facing the industry. From crop protection and soil remediation to 

precision farming and genetic improvement, nanotechnology is driving advancements that 

enhance productivity, sustainability, and resilience in agricultural systems. Furthermore, it 

plays a crucial role in soil remediation by facilitating the removal of contaminants, improving 

soil quality, and enhancing nutrient uptake by plants. This also contributes to environmental 

sustainability by reducing soil pollution and enhancing ecosystem health. In addition, 

nanobiotechnology offers unprecedented opportunities for genetic improvement in crop plants, 

leading to the development of high-yielding, disease-resistant, and stress-tolerant varieties. 

Overall, nanotechnology is reshaping the agricultural landscape by promoting sustainable 

practices, enhancing food security, and mitigating the impact of environmental challenges.  
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